A series of carbonaceous adsorbents was obtained by physical and chemical activation of pistachio nut shells. The effect of activation method on the textural, acid-base and adsorption properties of the materials obtained was tested. The materials prepared were characterized by iodine and methylene blue removal at room temperature. Depending on the procedure of activation, the final products were microporous activated carbons of surface area varying from 530 to 1204 m 2 /g, exhibiting diverse acidic-basic surface character. The results obtained in this study prove that a suitable choice of the activation procedure for agricultural waste materials permits production of low-cost adsorbents characterized by very high adsorption capacity towards iodine and methylene blue (1280 and 400 mg/g, respectively).
INTRODUCTION
Activated carbons have played very important role in reducing the emission of gaseous and liquid pollutants to the Earth's atmosphere as well as into groundwater and soil. Thus, it is understood that the search for new and more selective and effective adsorbents is of continuous interest all over the world. According to literature data, activated carbons can be prepared by physical or chemical activation of different precursors containing organic carbon in their structure. The most frequently used precursors (applied on an industrial scale) are natural coals, wood, peat and coconut shells (Bagreev et al. 2004; Goscianska et al. 2012; Lorenc-Grabowska and Gryglewicz 2007; Tan et al. 2008) . However, the high cost associated with the production of activated carbons is one of the most important challenges for commercial manufacturers, and therefore, using inexpensive raw materials (characterized by high carbon content and low level of inorganic compounds) for production of low-cost adsorbents has been a focus of research efforts in recent years. Different agricultural by-products and waste materials such as corn cobs, nut shells and fruit stones are among the low-cost precursors used for this purpose (Fahim et al. 2006; Kadirvelu et al. 2001; Nowicki et al. 2012 Nowicki et al. , 2014 Nowicki et al. , 2015 Tay et al. 2009 ).
Taking this into account, the main purpose of this work was to obtain a series of cheap activated carbons from pistachio nutshells and to characterize their potential adsorption performance towards organic and inorganic pollutants from liquid phase-iodine and methylene blue, respectively. Different methods of activation as well as activating agents were applied to evaluate the influence of preparation procedure on the physicochemical and adsorption properties of final products.
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EXPERIMENTAL ANALYSIS
The starting raw sample (S) was prepared from common pistachio nut shells. The precursor was milled and sieved to the grain size of 2.5-4.0 mm and then subjected to different treatments. In brief, the treatment involved the following steps: pyrolysis (P) followed by chemical activation (Ac) with K 2 CO 3 and physical activation with CO 2 as well as direct activation with K 2 CO 3 , CO 2 and H 3 PO 4 . Pyrolysis (P) was conducted at 700 °C in a nitrogen atmosphere (N 2 flow 170 ml/minute) for 60 minutes. Chemical activation (Ac) of the pyrolysis product (SP) was conducted at 850 °C for 45 minutes in nitrogen atmosphere (N 2 flow 330 ml/minute), with a K 2 CO 3 :char weight ratio of 2:1. Physical activation of the SP char (Ap) with carbon dioxide was conducted at 900 °C for 60 minutes (CO 2 flow 250 ml/minute). Direct activation of the precursor with K 2 CO 3 (DAc) and with CO 2 (DAp) was conducted in similar conditions as earlier, but at 800 °C. Chemical activation with phosphoric acid (DAH) was conducted at 550 °C for 30 minutes in nitrogen atmosphere (N 2 flow 170 ml/minute), with H 3 PO 4 : precursor weight ratio of 3:1.
Characterization of the pore structure of the carbon samples obtained was performed on the basis of low-temperature nitrogen adsorption-desorption isotherms measured at -196 °C on Autosorb-iQ surface area analyzer (Quantachrome Instruments, USA). The specific surface areas (S BET ) of the activated carbons were calculated using the Brunauer-Emmett-Teller equation by assuming the area of the nitrogen molecule to be 0.162 nm 2 . The total pore volumes (V t ) were calculated by measuring the amount of liquid nitrogen adsorbed at a relative pressure of p/p 0 = 0.99. The average pore diameters (D) were calculated from equation D = 4V t /SBET. Micropore volume (V mic ) and micropore surface area (S mic ) were determined by the t-plot method. The content of surface oxygen functional groups of acidic and basic characters was determined according to the Boehm method (Boehm 1994) . The pH of activated carbons was measured using the following procedure: a 0.2-g portion of the dry activated carbon powder sample was added to 10 ml of distilled water and the suspension was stirred overnight to reach equilibrium. Then pH of the suspension was measured.
The iodine adsorption ability of the adsorbents was determined according to the ASTM D4607-94 (ASTM 2006) standard. Determination of the methylene blue adsorption was performed using the following procedure: samples of the prepared activated carbons in equal portions (0.025 g) were added to 50 ml of the methylene blue solution with initial concentrations from 40 to 220 mg/l. The suspension was stirred for 24 hours to reach equilibrium. The concentrations of the dye in the solution before and after adsorption were determined using a double-beam UV-VIS spectrophotometer (Cary Bio 100, Varian) at a wavelength of 665 nm.
RESULTS AND DISCUSSION 3.1 Textural Parameters of the Activated Carbons
As can be seen from the data presented in Table 1 , pistachio nut shells subjected to different conditions of activation produced a series of activated carbons characterized by surface area and porous structures developed to different degrees. The surface area of the samples varied from 530 to 1204 m 2 /g, and the total pore volume ranged from 0.32 to 0.80 cm 3 /g. Interestingly, the most developed surface area was found for sample SPAp, which was obtained by physical activation of SP char. The surface area of SPAp is over two times greater than that of the analogous sample SPAc obtained by chemical activation. The reasons for this can be a small difference between the temperature of pyrolysis of the substrate (700 °C) and that of chemical activation (850 °C) and a low weight ratio of activator and char (2:1), as a result of which the ordered carbon structure of SP char (produced upon pyrolysis) would not be able to undergo gasification to a sufficient degree. This supposition is to some degree supported by the fact that the second of the samples activated by K 2 CO 3 , that is, sample SDAc (subjected to activation without pyrolysis), has about two times greater surface area and total pore volume. The S BET of the other two samples obtained by activation of precursor by CO 2 (SDAp) and H 3 PO 4 (SDAH) is well developed and reaches about 870 m 2 /g. Each activated carbon sample obtained has a microporous nature as concluded from the prevalent contribution of micropores to the total pore volume (Table 1) and from the shape of isotherms of low-temperature nitrogen adsorption/desorption (Figure 1) . The most microporous texture was obtained for the SDAc sample, which was produced by direct chemical activation of precursor by potassium carbonate. The contribution of micropores to the total pore volume in this sample reaches 91%. The nitrogen adsorption-desorption isotherm in this case is type I, according to IUPAC, and is assigned to the microporous solids bodies. The least microporous character was shown by the sample SPAp, which was obtained by physical activation of SP char. In this sample, micropores represented 81% of the total pore volume, and the nitrogen adsorption-desorption isotherm reveals a clear type IV hysteresis loop, which confirms the presence of slit pores and a considerable contribution of mesopores. A similar situation is observed for the sample SDAp activated by CO 2 with no pyrolysis treatment. For the other samples SPAc and SDAH, no broad hysteresis loops are obtained. A significant contribution of mesopores to the structure of the activated carbon samples, in particular those activated by carbon dioxide, is also indicated by the mean pore diameter much greater than 2 nm, which according to IUPAC, is the limiting value for micropores.
Acid-Base properties of the Activated Carbons
According to Table 2 , depending on the methods used for activation of pistachio shells, it is possible to obtain a variety of activated carbon samples having different acid-base surface properties. The pH values of the activated carbon samples vary in a wide range, from definitely acidic (pH 2.22) for sample SDAH activated by H 3 PO 4 to definitely basic (pH 10.6) for sample SDAp activated by CO 2 . For the samples activated by K 2 CO 3 , the pH value significantly depends on the activation method; for example, the sample SDAc obtained by activation of precursor shows acidic character (pH 4.8), whereas the sample SPAc obtained by activation of SP char shows a slightly basic character (pH 9.5). In addition, greater differences between activated carbon samples are observed in the content of the oxygen functional groups. The greatest amounts of oxygen functional groups were found on the surfaces of carbon samples activated by potassium carbonate; in particular, for the sample SDAc, the total content of oxygen functional groups on the whole surface was almost 3 mmol/g. On the surfaces of samples activated by phosphoric acid and carbon dioxide, the number of functional groups is much smaller, especially for the sample SPAp on whose surface it reaches only 1.09 mmol/g. The number of generated oxygen functional groups depends not only on the type of activating agent but also on the applied thermochemical treatment, which is illustrated by significant differences in the content of functional groups between samples SPAc and SDAc as well as between SPAp and SDAp. Differences were also noted in the type of oxygen functional groups generated upon activation. The activation by CO 2 (especially the direct activation) is conducive to generation of basic groups, whereas that by H 3 PO 4 brings about generation of almost only acidic groups. The samples activated by K 2 CO 3 show considerable amounts of both acidic and basic groups; depending on the activation method applied, there is either a slight domination of basic groups (sample SPAc) or acidic groups (sample SDAc).
Adsorption Properties of the Activated Carbons
The main aim of the study was to evaluate the effectiveness of the activated carbon samples obtained in the removal of pollutants from liquid phase. As evidenced by analysis of the data from Table 3 , the majority of samples obtained (except for SPAc) can be successfully used for purification of water from organic and inorganic pollutants. It should also be noted that some of the 584 P. Nowicki et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 activated carbons prepared showed better or comparable adsorption capacities with those of the commercially available products. Considerable differences in the textural parameters and acid-base properties of the carbon samples obtained are reflected in their adsorption capacities. The adsorption capacity towards iodine, as well as probably towards other inorganic compounds of molecules of similar size, varies in a large range from 321 to 1280 mg/g. A comparison of the data shown in Tables 1 and 3 reveals that the most effective adsorbents towards iodine are samples SPAp and SDAc, which have the most developed porous structure from among the samples obtained. The fact that the adsorption properties from the liquid phase depend significantly on the degree of surface area and porous structure development is confirmed by a rather poor result obtained for the sample SPAc (four times lower adsorption capacity than that of the sample SDAc). This sample also shows much poorer textural parameters than all other samples (Table 1) . Interestingly, similar relations were found for removal of methylene blue from water solutions (Table 3, Figure 2) ; by far, the least effective is sample SPAc. Its adsorption capacity towards methylene blue is 48.1 mg/g, which is over eight times smaller than that of the most effective adsorbent sample SDAc, whose adsorption capacity is up to 400.0 mg/g. In addition, sample SPAp proved to be a very effective and a universal adsorbent. It is very effective for removing inorganic pollutants and shows high adsorption capacity towards methylene blue (277.8 mg/g). The other two samples, SDAp and SDAH, show similar adsorption capacities towards methylene blue, similarly as towards iodine, but not so high when compared with the most effective samples SDAc and SPAp.
CONCLUSION
From the aforementioned analysis, application of different methods of activation of pistachio nut shells can bring about a wide panoply of activated carbon types, which differ in the type of porous structure and acid-base surface properties. According to the adsorption tests results, the activated carbons obtained can be successfully used for simultaneous removal of inorganic and organic pollutants from the liquid phase. Particularly effective adsorbents are the products of direct chemical activation of the precursor by potassium carbonate (sample SDAc) and physical activation of SP char by carbon dioxide (sample SPAp). That is why, in our opinion, further studies should be focused on the optimization of physicochemical parameters and adsorption capacity of these two types of activated carbon.
